The substantial cemetery complex of Aymyrlyg is located in the Ulug-Khemski region of the Autonomous Republic of Tuva. It is situated near the Sayansky ravine of the Yenisey River, on the left bank of the Chaa-Hol River, where it extends for over 10 km and is considered to be the largest archaeological monument located within the flooding zone of the Sayano-Shushenskoye hydro-electric power station (Mandelshtam, 1983: 25) . The climate in modern Tuva is even more continental than in the Minusinsk Basin and the temperature can drop as low as -58 o C (Nicholson 2011: 365) . Mean winter temperatures lie between -25 o C and -34 o C, with a mean summer temperature of 19 o C or 20 o C which can sometimes rise as high as 35 o C to 40 o C. The annual precipitation is very low and ranges from 100 to 300 mm (Gracheva 2004: 247) .
Although some of the Scythian-period burials recovered from Aymyrlyg are considered to date to the earlier phases of the Uyuk Culture in the 7th -6th centuries BC, the majority of burials are thought to derive from the Late phase of this culture, approximately the 5th -2nd centuries BC (Mandelshtam, 1992: 183, 185) . The exterior of each tomb generally comprised a low, rectangular-shaped wall made up of stone slabs sunk edgewise into the ground. The most frequently encountered subterranean structures were rectangular timber chambers, containing as many as 15 individuals (Fig. 2) . A wide variety of grave goods were recovered, including weaponry, horse accoutrements, utilitarian tools, pottery and wooden vessels, foodstuffs, items of clothing, jewellery, personal items and possible ritual objects (Mandelshtam, 1983; .
Previous understanding of Tagar and Uyuk economies
Previous archaeological work has acknowledged the mixed nature of subsistence strategies for both the Tagar and Uyuk Cultures but there is a general lack of clarity concerning these practices. In his ethnographic study of pastoral nomadism in Tuva, Vainshtein (1980: 51) concluded that the early Iron Age economy was based upon a semi-nomadic form of pastoralism, combined with cereal cultivation, hunting and gathering. Mandelshtam (1992: 193) was of the opinion, however, that, while members of the Uyuk Culture may have practiced occasional agriculture, it was more likely that agricultural products were obtained through exchange processes with neighbouring farming tribes. With regard to the Tagar Culture, it has been suggested they practiced semi-nomadic pastoral stock-rearing and a primitive form of agriculture based upon farming millet (Okladnikov, 1959: 34; Gryaznov, 1969: 213; Zavitukhina, 1978: 80; Di Cosmo 1994 : 1104 . More recently, it was M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 5 stated that, while the economy focused on sheep pastoralism, the discovery of large numbers of bronze sickles is indicative of the exploitation of wild cereals (Bokovenko, 2006: 877) . The Tagar Culture has also been described, however, as 'one of the most pure nomadic cultures', in relation to its emphasis on stock-breeding, in the Scythian World (van Geel et al., : 1739 .
The remains of domesticated animals generally predominate in burial and settlement contexts, which might be seen as supporting pastoralism (Mannai-Ool, 1970: 91; Vainshtein, 1980: 52; Ermolova, 1983: 106; Vadetskaya, 1986: 102-128) . The distribution of large tribal burial grounds has been interpreted as evidence that both cultures engaged in cyclic migration with fixed routes and set winter camp sites, similar to the seasonal strategies identified in more recent ethnographic studies (Vainshtein, 1980: 96; Mandelshtam, 1992: 193; Bokovenko, 1995: 255) . While less well represented, remains associated with hunting and fishing have also been recovered (Vadetskaya, 1986: 102-128; Mandelshtam, 1992: 193) .
Although generally rare, the remains of millet, barley and tools utilized for plant processing have been recovered from both Tagar and Uyuk burials (Vadetskaya, 1986: 94, 105 and 118; Mandelshtam, 1992: 193; Di Cosmo, 1994 : 1104 . Irrigation systems are believed to be associated with both cultures and have been interpreted as a further indicator of land cultivation (Oklandnikov, 1959: 34; Zavitukhina, 1978: 80; Vainshtein, 1980: 145) . In addition, it would appear that semi-permanent settlement was present in the Minusinsk Basin at this time (Okladnikov, 1959: 34; Gryaznov, 1969: 216; Vadetskaya, 1986: 94) . The extent to which this is necessarily linked with agriculture, however, can be questioned (see Anthony et al., 2005: 409) .
The preceding review would tend to suggest that the Uyuk and Tagar Cultures did indeed practice a complex form of pastoralism which included an element of hunting and fishing.
The archaeological and later ethnographic evidence also suggests that these groups practiced cultivation, though its extent and importance in the diet is unknown. The use of dental palaeopathology and carbon and nitrogen stable isotopes in the current study will attempt to refine these interpretations, at least with respect to the populations buried at Ai-Dai and Aymyrlyg.
Methodology

Dental palaeopathology
The link between the diet of past populations and dental palaeopathological lesions is well established (Hillson, 2000: 249) and numerous studies have been undertaken which address temporal and chronological dietary and subsistence-related questions (e.g. Turner, 1979; Pechenkina et al., 2002; Keenleyside, 2008) as well as focus on age, sex and statusrelated differences (e.g. Lukacs, 1996; Cucina and Tiesler, 2003) . Studies of past subsistence strategies have tended to focus on dental lesions in hunter-gatherer or agricultural populations or examined the impact on dental health of the transition to agriculture (e.g. Larsen, 1995) . Only a handful of studies involving dental palaeopathological analysis have been undertaken on Eurasian pastoralist populations (e.g. Eng, 2007; Murphy, forthcoming) , and the impact of diet on the dental health of these groups is generally poorly understood.
The dental lesions analysed here comprise caries, abscesses, ante-mortem tooth loss (AMTL), periodontal disease and calculus formation. A complex interaction exists between these various dental diseases, some of which may be primary and others a secondary response (Lukacs, 1989: fig. 1 ). Previous studies have indicated that, although there can be a variety of aetiologies for the lesions, when studied at population level caries and calculus formation are particularly useful for palaeodietary reconstruction (e.g. Lillie, 1996; Keenleyside, 2008) . Dental caries involves the localized demineralization of dental hard tissues by organic acids that arise as a consequence of the bacterial fermentation of dietary carbohydrates and is exacerbated by the consumption of soft, sticky foods (Larsen, 1997, 65) . A global study by Turner (1979: table 3 ) revealed a general increase -albeit with considerable variability -in the prevalence of caries from hunter-gatherers (1.7%) to mixed foraging/agriculture (4.4%) to agriculture (8.6%). Clinical studies have revealed that dietary proteins and fats are generally non-cariogenic, and can have a protective effect against their development (Rugg-Gunn, 1993: 253) . Studies of pre-contact Greenland populations, who consumed an almost entirely animal-based diet and practically no carbohydrates, for example, were found to have extremely low rates of caries (Pedersen, 1947: 729) .
Dental calculus forms as a consequence of the mineralization of the bacterial plaque which is attached to the surface of a tooth (Hillson, 1996: 255) . The precise nature of the M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 7 relationship between diet and calculus formation is not fully understood and high levels of calculus have been identified in populations that consumed both diets rich in protein and high in carbohydrates (Lieverse, 1999: 226) . When the frequencies of calculus and caries are compared, however, they can be used to assess the relative levels of proteins versus carbohydrates within a group's diet (Keenleyside, 2008: 265) . Lillie (1996: 140) found that high levels of calculus were associated with low levels of caries in a population characterized by a high protein, low carbohydrate diet, while Medieval British populations, whose diet would largely have centred on cereal products, demonstrate high levels of both caries and calculus (Roberts and Cox, 2003: 258-9, 262-3) .
Levels of AMTL, abscess formation and periodontal disease can provide secondary evidence in relation to diet since they can arise as a consequence of the infectious/inflammatory processes involved with the development of caries, calculus formation and/or extensive attrition (Lukacs, 1989: 271; Keenleyside, 2008: 264) .
Stable carbon and nitrogen isotopes
Stable carbon (δ 13 C) and nitrogen (δ 15 N) isotope analysis of bone collagen provides information on aspects of past human and animal diets. Its use has become routine in many parts of the world, and there are numerous reviews (Ambrose, 1993; Pollard, 1998) . For present purposes, the most important consideration is that δ 13 C measurements clearly distinguish between C3 and C4 photosynthetic pathways, with the former including wheat and barley, and the latter comprising all the millets (including common or broomcorn millet, Panicum miliaceum, and foxtail millet, Setaria italica). Bone collagen will yield values of ca. -21‰ and ca. -5‰ in pure C3 and C4 consumers, respectively. The situation is made somewhat more complicated by the fact that organisms in some -though by no means allfreshwater systems display elevated δ 13 C values that are intermediate between C3 and C4 systems (Dufour et al., 1999) . Little is known concerning freshwater systems in the Minusinsk and Tuva Basins specifically, although the few modern fish that have been analysed from the region show depleted (i.e., C3-like) rather than elevated values (S. Svyatko 2011 pers. comm.; J. Vander Zanden 2011 pers. comm.) , as do fish from the Altai region further to the west (Privat 2004; Privat et al. 2005) . Further to the east, however, fish from Lake Baikal do exhibit significantly elevated δ 13 C values, although the effect may be restricted to that lake basin (Katzenberg and Weber, 1999) . Other factors contributing M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 8 to variation include the so-called canopy effect and aridity (Tieszen, 1991; Ferrio et al., 2003) .
Stable nitrogen isotopes primarily reflect trophic level (Hedges and Reynard, 2007) , though again there are other factors to consider, including the effects of manuring on plants (Bogaard et al., 2007; Fraser et al., 2011) , and climatic effects, with aridity in particular causing elevated δ 15 N values in both plants and animals (Ambrose, 1991; Amundson et al., 2003) . Both marine and freshwater systems tend to have many more trophic levels than are found in mammalian terrestrial systems, and so tend to exhibit higher δ 15 N values (Katzenberg and Weber, 1999; Lillie and Richards, 2000; O'Connell et al., 2003) .
Materials and methods
Osteological methods
The dentitions of 342 adults from Aymylyrg and 44 adults from Ai-Dai were analysed (Table 1) . Age-at-death and sex were determined on the basis of the standard methods outlined in Buikstra and Ubelaker (1994) . Caries and abscesses were recorded macroscopically following the method of Buikstra and Ubelaker (1994: 54-55) . The degree and location of calculus deposition was described following the grading system of Brothwell (1981: 155) . In addition to his three categories of severity (slight, medium or considerable deposits), some individuals displayed only flecks of calculus and this was graded as 'flecks'. Individuals were ascribed a crude level of overall severity (flecks, slight, medium or considerable deposits) of calculus formation on the basis of the grade that occurred most frequently within the dentition. The identification of periodontal disease in archaeological skeletal remains is problematic, since the distance between the cementoenamel junction and the alveolar crest increases in periodontal disease, but can also arise as a result of the teeth continuously erupting to compensate for extensive attrition (Hillson, 1986: 312) . Bearing these limitations in mind, the system for recording the extent of resorption of the alveolar bone devised by Brothwell (1981: 155) was followed.
Percentages were calculated for each of the different dental lesions and statistical comparisons by age and sex were conducted at both intra-and inter-site level using  2 tests (with continuity correction) and Cramer's V. Chi-square tests are very susceptible to sample size effects, such that even very small, behaviourally meaningless, differences will M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 9 be found to be significant with large samples. Cramer's V is used to test the strength of a relationship, akin to Pearson's correlation coefficient (Cramér, 1946) . Values vary between 0 (no association) and 1 (perfect association); values of ca. 0.1 or less indicate no meaningful association, regardless of the  2 result. Since the age and sex profile is known to have a potential impact on interpretations of dental palaeopathology (see Keenleyside, 2008: 267) , statistical analysis was undertaken to determine if any significant differences existed by age and sex in relation to the numbers of individuals and numbers of observable teeth and tooth sockets included in the study. The number of individuals does not depart significantly from equal proportions at either site (Aymyrlyg  2 = 2.25, df = 2, p = 0.32; Ai-Dai  2 = 2.22, df = 2, p = 0.33), but does for both number of teeth and of sockets. However, Cramer's V suggests that, despite being 'significant', neither teeth nor sockets have a meaningful association with age/sex representation at Aymyrlyg (V = 0.11 and 0.07, respectively), while at Ai-Dai both exhibit a moderate relationship (V = 0.31 and 0.30, respectively).
Stable carbon and nitrogen isotopes
A total of 39 human bone samples, comprising 18 (nine females and nine males) from Ai-Dai and 21 (nine females and 12 males) from Aymyrlyg were analysed isotopically (see Table 6 ). With the exception of two adolescents from Ai-Dai, all samples were of adults.
Unfortunately, only limited faunal material was still extant from both sites, with three samples being analysed from each site (see Table 9 ).
The bone collagen fraction was extracted using the ultra-filtration method (Bronk Ramsey et al., 2004; Brown et al., 1988) . The bone was washed in double distilled water and a 200-250 mg sample of interior bone was removed to minimise possibility of contamination from the bone surface. The bone sample was de-mineralised in 5 ml of 0.5 M HCL at 60 o C for 48-72 hours (in sealed tubes), then washed twice in double distilled water. A pH3 solution of HCl was added to the remaining solid and heated at 70 o C for 24 hours to gelatinise the collagen. Samples were passed through grade 3 filter paper to remove any remaining contaminants. The solutions were then placed into 30 KD ultrafilter centrifuge tubes (Flowgen) and centrifuged under vacuum for 10 to 20 hours at 4,000 rpm at 40 o C, until completely filtered. The residue upon the filter was removed and re-hydrated using distilled H2O in a 5 ml Ependorff tube, then frozen overnight and freeze dried within 24 hours. Samples were analysed for δ 13 C and δ 15 N at Iso-Analytical using a Europa Scientific M A N U S C R I P T
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Roboprep elemental analyser coupled with a Europa Scientific 20-20 isotope ratio monitoring mass spectrometer. Duplicate measurements were made for one in every five samples (20%) to test reproducibility, which was found to be ±0.08‰ for δ 13 C and ±0.15‰ for δ 15 N. Laboratory standards and a control bone sample with known δ 13 C and δ 15 N values were also analysed for quality control purposes. Results are calculated according to the usual delta notation: ((Rsample/Rstandard) -1) x 1000, where R is the isotope ratio, i.e., 13 C/ 12 C or 15 N/ 14 N. Sample standards are VPDB for  13 C and AIR for  15 N.
Results
Dental palaeopathology
The most prevalent lesion for Aymyrlyg, both in terms of numbers of individuals (93.5%) and numbers of teeth (77.2%), was dental calculus, although this was not severe and 86.3% of individuals displayed slight calculus formation (Tables 2 and 3 ). Relatively high levels of periodontal disease were also recorded (73.4%). The frequencies of caries, abscesses and AMTL were generally similar, both in terms of the counts by individual (39.6% to 43%) and by tooth or socket (4.7% to 8.9%). Chi-squared tests reveal no significance differences between the sexes at the individual level. Significant differences are seen between affected teeth and sockets, but Cramer's V is less than 0.1 in all cases, indicating no meaningful association with sex. As might be expected, the frequencies of abscesses, AMTL and periodontal disease increase significantly with age, although caries and calculus do not.
The greatest frequencies for Ai-Dai, both in terms of numbers of individuals (97.7%) and numbers of teeth (83.8%), occurred for dental calculus, although this was not severe, and 83.7% of individuals displayed slight calculus formation (Tables 4 and 5 ). Relatively high levels of periodontal disease (79.5%) were also present. The prevalence of abscesses and AMTL were generally similar, both in terms of the counts by individual (36.4% and 40.9%) and by tooth or socket (3.3% and 6.4%). Caries were the least frequent lesion at both individual (13.6%) and tooth (1.9%) level. No caries were found in 221 female teeth from 20 individuals, and this differs significantly from males (12 caries in 392 teeth from 24 individuals). Cramer's V is less than 0.1 for teeth, but 0.30 for individuals, indicating that this is likely a real difference. Similarly, females show a significantly lower prevalence of abscesses at the level of the individual ( 2 = 0.02, V = 0.36) that does not convince at the level of sockets ( 2 = 0.01, V = 0.08). For all other pathologies, V values are well below 0.1
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for teeth and sockets, even where  2 values are less than 0.01. The majority of lesions increase significantly in frequency for both sexes with advancing age, again with the exceptions of caries and calculus.
When the frequencies of the dental lesions at the two sites are compared it is clear that the overall trends are very similar ( Figs. 3 and 4 ). Chi-squared tests revealed that the only significant difference between the two populations occurred in caries prevalence by individual ( 2 = 0.001, V = 0.16), and even here the strength of the association is marginal, nor does it persist at tooth level ( 2 < 0.001, V = 0.06).
Stable isotope results
All but one of the 39 human samples yielded acceptable results, with C:N values in the range 2.9-3.6 and collagen yields ≥1% (DeNiro, 1985; van Klinken, 1999) (Tables 6 and 7) .
The single exception, from Ai-Dai, fell just outside this range, with a C:N ratio of 3.7. It is retained in the analyses below, since its collagen yield and  13 C and δ 15 N measurements are entirely within the range of the other samples; its retention or exclusion has no effect on the analysis. The average  13 C results of -15.1 ± 0.97‰ for Ai-Dai and -15.3 ± 1.25‰ for Aymyrlyg indicate a considerable departure from a pure C3 system, which might be due to either a contribution from C4 plants, and/or animals feeding on them, or to fish from a freshwater system with elevated values. The average δ 15 N results of 10.6 ± 0.52‰ and 13.2 ± 0.55‰ for Ai-Dai and Aymyrlyg, respectively, are fairly high, especially for Aymyrlyg. The difference between the two sites is statistically significant (Student's t = 14.89, df = 37, p = < 0.000). Moreover, the relationship between the two isotopes differs between the two sites, with no correlation at Ai-Dai (r 2 = 0.0231), in contrast to a moderate but significant positive correlation at Aymyrlyg (r 2 = 0.4538; F = 15.78; p = 0.0008). The absence of a consistent relationship between δ 13 C and δ 15 N in the human results -such as would be expected if freshwater fish, either enriched or depleted in δ 13 C, and enriched in δ 15 N, featured strongly in the diet -leads us to conclude that the elevated  13 C values at both sites are attributable to a C4 plant, rather than to freshwater fish. This is particularly so as there is no reason to expect fish from the river systems in the study area to be enriched in  13 C. The muscle tissue of various species of modern fish from the Eg-Uur river system in northern Mongolia averages -28.4 ± 2.2‰ (n = 56; J. Vander Zanden 2011 pers.
comm.), with an inferred average bone collagen value of -22.9 ± 2.2‰ (assuming a musclebone tissue fractionation of +4‰, and a fossil fuel effect of +1.5‰ (see below)).
There are no significant differences in isotopic results based on age or sex at either site, with the proviso that only adolescents and adults were sampled (Fig. 5 ).
The available information from Ai-Dai includes provenance to one of seven kurgans. A comparison of diets between individuals from the different kurgans is hampered by small sample size, but nevertheless some intriguing possibilities emerge. The best opportunity for a comparison comes from Kurgans 4 and 8, each represented here by five individuals: there is no difference in δ 15 N values, but δ 13 C values appear to be higher in Kurgan 4, by ca.
1.4‰ (Student's t-test, unequal variance, t = 2.54, p = 0.044) ( Table 8 ). If this is indeed the case, the stable isotope data may reflect differential consumption of C4 plants within communities, a point we return to below.
Five of the six faunal samples yielded acceptable results (Table 9 ; see Figure 5 ). Sample numbers are too small to make comparisons between the species represented, but some important points emerge. First and foremost, it is clear that the four herbivores sampled predominantly consumed C3 plants, demonstrating 1) that C4 plants made up only a small proportion of the available natural vegetation (cf. Liu et al., 2004; Wang, 2003) , and 2) that domestic animals were not being fed C4 plants (i.e., millet). That some C4 vegetation was present is hinted at by the elevation of ca. 2‰ for the δ 13 C results for two sheep/goat samples over those for single cattle and horse samples, though the numbers are too small to be entirely confident in this difference. This could also imply the use of different pastures for sheep/goat and cattle/horse, or, alternatively, the feeding preferences of these animals. The domestic dog stands out in being more similar to the humans from Ai-Dai, as is often the case, since dogs will scavenge, or be fed, much of the same foods as consumed by people.
It is also worth noting that the δ 15 N results for the four herbivores are comparatively high (e.g., the average of 64 cattle bone values from southern British Neolithic sites is 5.3 ± 0.8‰: Hamilton and Hedges, 2011) . The ages of the sampled animals are not available, but it might be expected that the highest value, 9.4‰, is from a young animal that was still nursing, and hence elevated above adult values. Excluding this,
the remaining three herbivore samples still average ca. 6.9‰. However, this is not unusual for steppe environments, with similarly elevated values being reported elsewhere (Privat, 2004; Shishlina et al., 2007; Hollund et al., 2010) , probably due to aridity/salinity effects (Heaton, 1987; Ambrose, 1991; Amundson et al., 2004) .
Discussion
Dental palaeopathology
The dental palaeopathological lesions suggest that the diets consumed by the Aymyrlyg and Ai-Dai population groups were very similar and were broadly characterized by high frequencies of slight deposits of calculus and low to moderate levels of caries. The frequencies of caries correspond best to Turner's (1979) scheme for foraging or mixed foraging/agricultural populations. The archaeological and anthropological evidence indicates that both populations were largely pastoralists and, as such, they are likely to have consumed high levels of animal products. Indeed, the occurrence of very high frequencies of calculus deposits for both populations would tend to support this finding.
The availability of published comparative dental palaeopathological data for prehistoric Eurasian steppe populations is very limited but a review of the available information can aid with the interpretation of the findings of the current study. Both Lillie (1996) and Murphy (forthcoming) found that caries were almost universally absent amongst Mesolithic-Late Bronze Age Eurasian populations considered to have largely practiced foraging/pastoralist economies. An examination of the dental palaeopathology of a small group of Xiongnu individuals from the cemetery of Naima Tolgoy, Mongolia, and described as nomadic, revealed that none of their teeth displayed caries. This finding was not considered unexpected since the diet was not believed to have been cariogenic (Regöly-Mérei, 1967: 407) . As such, it can be concluded that the individuals from both Aymyrlyg and Ai-Dai were consuming cereals but it is not possible to ascertain whether these were wild or domesticated on the basis of dental palaeopathology alone. The caries prevalences would tend to suggest that cereals did not form the main component of their diet, however, but rather represented a supplementary aspect of the subsistence economy. Eng (2007) undertook a biocultural study of a series of populations -referred to as nomadic pastoralist, agropastoralist and agricultural -in northern China, part of which involved an assessment of the impact of subsistence strategy on dental health. The results for the agricultural populations were considered anomalous since they displayed low frequencies were characteristic of significant carbohydrate consumption. The prevalence for the nomadic pastoralists was most similar to the results obtained from Aymyrlyg (39.6%) and
Ai-Dai (13.6%), while the prevalence for the agropastoralists was, perhaps surprisingly, notably higher. Unfortunately, information for other dental palaeopathologies did not form part of the study of the northern China groups.
When the lesions were compared by sex at intra-site level the only convincing statistical differences occurred for caries and abscess prevalence at Ai-Dai. Males were more susceptible to the development of these lesions, perhaps indicating differential levels of cereal consumption. Vainshtein (1980: 90-91 ) discusses pastoralist and cultivation strategies in twentieth-century Tuva in which a clear gender division of labour is evident.
Males were largely responsible for tending crops and spent periods of time distant from the women and children when undertaking this work. Harvesting, however, appears to have been undertaken by all members of the unit (Vainshtein, 1980: 156) . Perhaps similar gender labour divisions in the past facilitated differential access to food resources. The lack of comparable sex differences at Aymyrlyg, however, clearly underlines the complexity and variability of pastoral strategies.
Although the frequencies of calculus were very high at both Ai-Dai and Aymyrlyg, the deposits were generally slight. While the prevalences appear to broadly correlate with those obtained by Lillie (1996) for a high protein, low carbohydrate diet, the pattern of severity appears to be different. Medium to heavy deposits of calculus had a 'consistent presence' within the Mesolithic-Neolithic Ukrainian groups (Lillie, 1996: 140) , whereas both the Aymyrlyg and Ai-Dai series were almost ubiquitously characterized by slight deposits. Although the aetiology of calculus has been shown to be extremely complex (see Lieverse, 1999) , it is tempting to suggest that this difference is, at least in part, due to a higher level of carbohydrate consumption among the Iron Age populations.
Stable carbon and nitrogen isotopes
There is little doubt that the C4 plant responsible for the unexpectedly high  13 C values at Ai-Dai and Aymyrlyg was cultivated millet. We base this conclusion on two lines of evidence. First, the limited number of herbivores measured in this study, alongside the much larger numbers from elsewhere on the eastern Eurasian steppes (Privat 2004; Privat (Svyatko, 2009; submitted; see also Privat et al., 2005 , for the Late Bronze Age to Iron Age site of Čiča, further to the west). While wild C4 grasses (e.g., Chenopodium spp.) may have on occasion been consumed, they would have had to have been a staple part of the long-term diet to result in the observed  13 C values (recall that measurements on bone collagen reflect the averaged diet over the last decade or so of life). Similar arguments have long been made when tracing the spread of another C4 crop, maize (Zea mays), in North America (Vogel and van der Merwe, 1977; Katzenberg et al., 1995; Schurr and Schoeninger, 1995) , where, it should be noted, wild C4 chenopods were also present.
In can therefore be concluded that crop-based agriculture, and specifically millet, played a much larger role in the Iron Age steppe communities of the Minusinsk and Tuva Basins than has previously been recognised. It is possible to make a rough calculation of the dietary contribution of millet at the two sites. Measurements of modern broomcorn (Panicum miliaceum) and foxtail (Setaria italica) millet from various locations around the world average -11.8 ± 1.1‰ (n = 17) for δ 13 C (Bender, 1968; Minagawa, 1992; McGovern et al., 2004; Schwarz and White, 2004; Pechenkina et al., 2005) . This needs to be adjusted by ca. +1.5‰ to take into account depletion in the world's atmospheric δ 13 C reservoir by the burning of fossil fuels (the 'Suess effect', Keeling, 1979) informally reflecting various sources of uncertainty). If anything, this is likely to be a conservative estimate, since the protein found in millet is of relatively low quality, being particularly deficient in the essential amino acid lysine (Hulse et al., 1980) , and so will be under-represented in measurements on bone collagen, which are biased towards the protein component of the diet (Ambrose and Norr, 1993; Jim et al., 2006) . It can be predicted, therefore, that the analysis of enamel carbonate (bioapatite), which reflects the energy component of the diet, would indicate a somewhat higher millet contribution.
Lacking gluten, millets are unsuited for leavened breads, but may be used to make flat bread, porridges, or weak alcoholic beverages such as kvass. The latter possibility is particularly interesting in light of the apparent differential consumption of millet between those buried in different kurgans at Ai-Dai.
A further implication of the considerable contribution of millet to human diets at Ai-Dai and Aymyrlyg is that other cereals known to have been cultivated, such as barley, were almost certainly also grown in quantity. Their contribution would be masked isotopically by other foods, including that supplied by animals grazing predominantly on C3 plants.
Taken together, then, it might be suggested that more than half the diet was derived from cultivated cereals. This raises the question of the origin of these crops, which, given its proximity, is presumably north-west China, where millet has been documented from before 7000 cal BP, both as charred remains and through stable carbon isotope analyses (Barton et al., 2008; Hu et al., 2008) . There are, however, large gaps both spatially and temporally in our knowledge of its spread across northern Eurasia (Hunt et al., 2008) so that at present it is difficult to provide more detail on the timing and routes taken with respect to Tuva and the Minusinsk Basin. The former question at least is addressed in a forthcoming paper (Svyatko et al., submitted) .
Turning to the solely protein component of the diet represented by δ 15 N measurements, the best available baseline derives from the four herbivores, averaging ca. 7.5‰. Assuming a trophic level fractionation of 3-4‰, human consumers relying predominantly on animal protein (meat, milk, blood) would be expected to have values of ca. 11.0‰. This is not incompatible with the observed average of 10.6‰ for Ai-Dai, but cannot account for the substantially higher average of 13.2‰ for Aymyrlyg, and other protein sources with higher M A N U S C R I P T
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δ 15 N values must feature in the diet at this site. Freshwater fish offer one possibility, and can be suggested to have made a significant contribution to human diets at Aymyrlyg.
While we have no fish isotope values from the site itself, nor from its immediate environs, modern taimen (Hucho taimen) from the Eg-Uur river system of northern Mongolia exhibit δ 15 N values of 14.1 ± 1.2‰ (n = 18) (J. Vander Zanden 2011 pers. comm.) . The likelihood is that fish also featured, albeit to a far lesser extent, at Ai-Dai. This is because it is improbable that the Ai-Dai community obtained all of their protein from animal sources, particularly given the evidence for a substantial contribution from millet, with its very low δ 15 N values.
The seeming importance of freshwater fish in the diets of Eurasian and Central Asian steppe populations is being increasingly acknowledged, largely as a result of stable isotope studies (O'Connell et al., 2003; Privat, 2004; Privat et al., 2005; Shishlina et al., 2007) .
Before accepting fish as the likely 'missing component' responsible for the elevated human δ 15 N values, and more specifically the difference in δ 15 N between the two sites, a potentially confounding factor must be considered. Studies have demonstrated that δ 15 N values increase in soils, plants and animals under conditions of aridity and soil salinity (Heaton, 1987; Ambrose 1991; Gröcke et al., 1997; Schwarcz et al., 1999; Robinson, 2001; Amundson et al., 2003) . The very definition of mid-latitude steppe, like those of the Minusinsk and Tuva basins, is a grassland with low annual precipitation, on the order of 250-500 mm (Nicholson, 2011) . Crucially, in terms of the present study, modern precipitation on the steppes of Tuva is even lower than that of the Minusinsk Basin, ranging from 100 to 250 mm annually, although increasing with elevation, from 300-400 mm in the mountain forest-steppe up to 600-700 mm in the tundra highlands (Khrutskyi, 1997 , cited in Stebaeva, 2003 . The closest meteorological station to Aymyrlyg is at Chadan, Tuva Republic, where average annual rainfall over the last decade is recorded as 260 mm, while the closest stations to Ai-Dai are at Minusinsk and Abakan, with average annual rainfall of 353 and 320 mm, respectively (http://www.weatherbase.com/).
Whether modern precipitation values can be applied to the first millennium BC is open to
question -indeed, this period seems to have seen an increase in moisture that is held to be responsible for the sudden increase in archaeological activity, and hence inferred population, from ca. 750 cal BC Zaitseva et al., 2004 ) -but the pattern is likely to have remained the same. It is around 200-300 mm annual precipitation that aridity effects become particularly evident (Murphy and Bowman, 2006 fig. 11 ) demonstrate a clear negative correlation between rainfall and human δ 15 N measurements from a series of Bronze Age sites in the North Caucasus. The highest values, averaging ca. 14‰, are seen in regions with annual precipitation of ca. 300 mm, decreasing to values of ca. 10-11‰ in regions where rainfall increases to ca. 700 mm. The latter figure, however, is substantially higher than that recorded near Ai-Dai in recent times, so that it is not clear to what extent differential aridity might explain the observed difference between the two sites. Indeed, based on the very limited faunal samples -a single herbivore from Ai-Dai and three from Aymyrlyg -the δ 15 N values from the two basins appear similar, suggesting that 1) the human inter-site differences are probably real, and 2) that they are only partly the result of aridity effects. Clearly, however, additional faunal and floral samples are needed to confirm both points.
The two dietary proxies compared
No correlation was found between individuals with and without caries and  13 C values at either Ai-Dai or Aymyrlyg, such as might be expected if high millet consumption resulted in increased propensity to develop caries (Table 10 ). In particular, the greater prevalence of caries in males at Ai-Dai is not matched by higher  13 C values. Calculus deposits are nearly ubiquitous, but generally slight, in both populations, with no clear relationship with  13 C or  15 N results, although this comparison is hampered by low sample numbers (particularly as nearly 50% of the Aymyrlyg skeletons available for sampling for isotopic analyses lacked dentition). Other palaeopathological conditions were not tested against the isotopic data as, firstly, there is no theoretical reason to expect any relationship between them, and, secondly, the same problem of small sample size arises.
Conclusions
The results of the current study have demonstrated that the two Early Iron Age populations at Ai-Dai and Aymyrlyg display isotopic signatures indicative of varying, but substantial, consumption of millet -contributing approximately one-third of the dietary protein for these populations. While the evidence derived from the frequencies of caries is less definitive it is also suggestive that carbohydrates formed a component of both diets.
Even in relatively recent years the Tagar Culture has been considered to comprise a 'pure' nomadic culture with an emphasis on stock-breeding (van Geel et al., : 1739 . Yet many strands of anthropological and archaeological evidence amassed from the mid twentieth-century onwards have suggested an agricultural component to the economy of M A N U S C R I P T
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both the Uyuk and Tagar Cultures (e.g. Okladnikov, 1959; Zavitukhina, 1978; Vainshstein, 1980) . Its extent and importance, however, remained uncertain and some researchers were of the opinion that agricultural products may have entered the archaeological record simply as a result of trade (e.g. Mandelshtam, 1992: 193) . In the light of the present study, this seems very unlikely -the isotopic evidence suggests that the consumption of millet was too high and too persistent to reflect occasional trade. In addition, millet would be an unlikely candidate for bulk trade over any distance. Whether wild cereals were also being exploited by Tagar groups, as Bokovenko (2006: 877) suggested, cannot be determined on the basis of the stable isotope data, but would probably be unnecessary given the presence of more productive cultigens indicated in our study. The source of the millet presumably ultimately lies in north-west China, but there remain large gaps in our knowledge concerning its transmission.
Our results complement those of previous researchers on the Eastern steppe.
Geoarchaeological and environmental research at Semirechye in Kazakhstan has revealed evidence for the production of domestic cereals around 750 BC by the Iron Age Saka (Miller Rosen et al., 2000; Chang et al., 2003) . Problems of classification and terminology have been inherent in archaeological studies of pastoral nomadism and it has been suggested that the term 'mobile pastoralism' is used as a general phrase to refer to a subsistence economy that emphasizes mobility and pastoral management (Frachetti, 2008: 16-17) .
This term is defined as a form of animal keeping that is more intensive and specialised than tethered agropastoralism (Frachetti, 2012: 7) . The use of this blanket term gives recognition to the highly variable and flexible practices that can exist within nomadism (Salzman, 2002: 249) . It is possible that problems with terminology were, at least in part, responsible for the hazy understanding of the subsistence strategies of the Uyuk and Tagar
Cultures that this study has attempted to clarify.
Di Cosmo (1994 Cosmo ( : 1100 or with the use of wooden tools. This account is illuminating because it might help explain the apparent paucity of agricultural tools in the archaeological record for these ostensibly nomadic pastoralist groups (Di Cosmo, 1994 : 1100 . The focus of farming activities alongside river banks is also informative -since both Ai-Dai and Aymyrlyg were located adjacent to rivers.
The individuals from both Ai-Dai and Aymyrlyg included in the study derived from kurgan cemeteries. It is thought that such burial traditions are characteristic of a society based on tribal family units. The burials are thought to have been concentrated in clusters and small groups to demarcate certain tribal groups (Abetekov and Yusupov 1994, 26) . Neither burial ground was considered to display extremes of wealth and indeed, with respect to Aymyrlyg, the excavator concluded that the society was generally 'egalitarian' (Mandelshtam 1992: 194) . Di Cosmo (1994 Cosmo ( : 1104 offered the view that in the Khakass-Minusinsk region a balanced economy which involved floodplain farming, animal breeding and hunter-gathering was characteristic of the Tagar culture but that this changed during the second century BC as a consequence of the Xiongnu invasion into the region. He suggested that the succeeding Tashtyk period saw a more notable economic division between stock-breeders and those who practiced crop-based agriculture, although farming still remained the main economic activity. Tuva is also believed to have experienced the full impact of the Xiongnu invasion (see Murphy 2012) and it is possible that a similar change in economic practices and social structure may also have occurred in this region. As such, concurring with Di Cosmo (1994 Cosmo ( : 1104 , we can imagine a scenario in which the militarily superior Xiongnu nomadic groups wielded political and military power over a region which had included scattered communities who practiced seasonal floodplain farming in addition to stockbreeding. It is clear that a more intricate understanding of the economic strategies of mobile pastoralists has the potential to provide insights concerning the nature of social complexity and change amongst these prehistoric groups.
While it has long been recognized that the cultural horizons that form the Scythian World only share certain general similarities (see Yablonsky, 2000) it has still been largely assumed that a pastoral nomadic economy is one such shared trait (e.g. Moškova, 1994: 232) . While the nature of the economy may broadly be categorized in this manner it is clear that populations in both Tuva and the Minusinsk Basin practiced a complex mobile pastoralist economy which included a significant degree of agriculture, and, in all M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 21 likelihood, considerable use of freshwater fish. It is with regard to the latter that the two sites appear to differ most strongly, based on the  15 N evidence. In addition to the broad variation discussed above, there are hints of differential access to millet within the Ai-Dai community, although this remains a tentative hypothesis pending the analysis of additional samples. The paucity of faunal samples from the two regions discussed in the paper presents limits on interpretation. In particular, it is difficult to choose between the importance of fish and aridity effects in the explanation of elevated δ 15 N values seen at to some extent at Ai-Dai, but far more clearly at Aymyrlyg, though at present the balance of evidence points to the former.
This study, with its focus on two Siberian sites, has greatly refined our understanding of the complex subsistence strategies employed by these Iron Age mobile pastoralists. There remain, however, major gaps in the understanding of the economic strategies employed by the prehistoric populations across the vast Eurasian steppe. Further isotopic and dental palaeopathological studies of additional sites and regions, with increased sample sizes, could enable much more to be learned of the broad range of subsistence strategies employed by the diverse steppe cultures which fall under the umbrella term of 'mobile pastoralists'. Furthermore, a multidisciplinary approach which involves the integration of data derived directly from human skeletal remains with an array of information obtained from landscape surveys and the excavation of habitation sites has the potential to completely revolutionise our understanding of the complex social structures and subsistence strategies operated by the prehistoric peoples of the Eurasian steppe. Ai-Dai Average = -15.1 0.97 10.6 0.52 18 F average = -15.0 1.25 10.6 0.62 9 M average = -15.3 0.63 10.7 0.44 9
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